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1.  INTRODUCTION 


Solid  propellants  burning  at  moderate  pressures  exhibit  distinctly  different  visual  characteristics 
depending  on  their  composition.  Many  propellants  sustain  two  flames  in  the  gas  phase  which  are 
separated  by  a  dark  zone  at  low  pressure.  The  length  of  this  zone  increases  with  decreasing  pressure  and 
for  sufficiently  low  pressure  the  luminous  flame  may  not  be  observed.  At  high  pressures  these  flames 
merge.  Most  common  Army  gun  propellants — single  base  (nitrocellulose),  double  base  (nitrocellulose- 
nitroglycerin)  and  low  vulnerability  nitramine — exhibit  a  nonluminous  zone  (dark  zone)  which  arises  from 
the  slow  conversion  of  NO  to  Nj.  The  production  of  energetic  species  from  incomplete  combustion  at 
these  moderate  pressures  could  play  a  role  in  delayed  ignitions  which  are  found  to  occur  in  some  gun 
firings  and,  thus,  it  is  oi  interest  to  study  the  fate  of  the  gas  phase  NO  through  the  combustion  zones. 
Moreover,  several  papers  have  been  written  on  a  detailed  chemistry  model  for  the  dark  zone  of  propellants 
and  these  models  require  experimental  data  to  test  their  validity.  Here  also,  experimental  NO  diagnostic 
data  through  the  gas  phase  combustion  zones  can  be  helpful  since  there  is  a  scarcity  of  this  type  of 
propellant  data  available  in  the  published  literature. 

Sorter  (1965)  was  the  first  to  model  the  dark  zone  of  a  double-base  propellant  using  20  chemical 
reactions.  Fifer  et  al.  (1990)  have  recently  modelled  the  dark  zone  of  a  double-base  and  a  composite 
propellant  using  much  more  extensive  chemistry,  and  Bizot  and  Beckstead  (1988)  have  constructed  a 
double-base  propellant  model  which  includes  both  the  condensed  and  gas  phases.  Experimental  data  for 
model  comparison  is  quite  limited.  While  there  is  often  measurements  which  report  propellant  bum  rate 
and  dark  zone  length  as  a  function  of  pressure,  very  few  experiments  also  give  the  temperature  and  species 
concentration  profiles.  Data  of  Heller  and  Gordon  (1955),  Kubota  (1982),  and  Lengelle  et  al.  (1984)  are 
the  only  known  sources  that  report  such  complete  data  sets. 

These  published  measurements  use  microthermocouples  for  the  temperature  measurement  and  gas 
probe  sampling  for  the  determination  of  the  gas  composition.  The  compositions  are  determined  from 
either  infrared  analysis  or  mass  spectroscopy.  Since  HjO  is  condensable  in  the  probe,  it’s  concentration 
is  detenuined  by  matching  the  elemental  composition  with  that  of  the  initial  propellant.  The  temperatures 
and  concentrations  that  we  report  here  come  from  an  optical  absorption  technique  which  has  several 
advantages.  No  physical  probe  is  required  for  sampling  and  the  data  are  obtained  in  situ.  For 
completeness,  bum  rate  and  dark  zone  length  measurements  as  a  function  of  pressure  as  well  as 
temperatures  and  NO  concentrations  for  three  different  propellants  are  reported.  The  propellant 


ingredients,  flame  temperatures,  and  heats  of  explosion  are  summarized  in  Table  1.  The  adiabatic  flame 
temperatures  are  calculated  with  the  NASA-Lewis  Code  (Svehla  and  McBride  1973)  for  constant  pressure 
conditions  and  the  heats  of  explosion  are  measured  quantities  that  are  included  in  the  propellant 
description  sheets. 

Table  1.  Propellant  Characteristics 


Propellant 

Main  Ingredients 
(Wt  %) 

Equil.  Flame 
Temperature 
(K) 

Heat  of  Explosion 
(cal/g) 

JA-2 

58%  NitirceUulose* 
16%  Nitroglycerin 
25%  DEGDN 

2,791  @  1.5  MPa 

1,120 

M9 

58%  Nitrocellulose** 
40%  Nitroglycerin 
1.6%  KNOj 

3,019  @  1 J  MPa 

1,308 

HMX2 

80%  HMX 

20%  PE  Binder 

2,045  @  1 J  MPa 

780 

HMX  -  cycIotetramediylenetetranicrnTune,  PE  -  polyester  binder  based  on  polydietbylene  jlycol  adipate,  DEGDN 
diethyleneglycoWinicrate,  •  -  13,04%  N.  ••  -  13.29%  N 


2.  EXPERIMENTAL 


Vibrationally  and  rotationally  resolved  absoqjtion  spectroscopy  of  NO  and  OH  has  been 
experimentally  studied  in  three  different  solid  propellant  flames  as  well  as  in  a  steady-state  CH4/N2O  flame 
which  was  used  for  optimization  purposes.  The  burner  and  windowed  combustion  chamber  used  for  this 
work  has  been  described  previously  (Vanderhoff  1988;  Vanderhoff  1991)  and,  thus,  only  a  brief 
description  will  be  provided  here  with  an  emphasis  on  new  features.  A  cross-sectional  drawing  of  the 
stainless  steel,  windowed  chamber  is  shown  on  Figure  1.  This  chamber  provides  a  constant  pressure 
flowing  environment  for  burning  solid  propellants.  The  flow  rate  of  nitrogen  gas  channeled  around  the 
propellant  to  form  a  shroud  is  maintained  at  about  four  times  the  propellant  gasification  rate  with  a  critical 
orifice.  The  pressure  history  has  been  monitored  with  an  MKS  pressure  transducer.  In  the  present 
configuration,  the  chamber  is  capable  of  a  pressure  range  from  0.1  to  2.0  MPa.  A  wire  which  is  rapidly 
heated  forms  the  ignition  source  for  the  cylindrical  propellant  sample.  Once  ignited,  the  propeUant  bums 
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Exit  Orifice 


Propellant 

Feed 


Note:  The  window  extensions  added  to  minimize  the  absorption  path  are  highlighted  m  black. 

Figure  1.  A  Cross  Section  of  the  Windowed  Strand  Burner  Chamber  (Not  to  Scale). 
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downward  in  cigarette  fashion.  After  burning  a  distance  of  about  0.5  cm,  the  Bfbf  apenua  1  by  the 
pinhole  is  able  to  transit  across  the  propellant  surface  to  the  detector.  Figure  2  ilnc  <>  r-dition 

which  is  the  beginning  of  actual  absorption  data  and  represents  zero  distance  fnjn  pror/.’’3t>i  lac.-!. 
The  transmitted  light  is  continuously  sampled  for  many  time  segments  (0.02-0.1  ^  fe:  the  r'lni  on  of  the 
propellant  bunt  (5-15  s).  If  the  absorption  signals  are  strong,  the  propellant  sam(^  is  hdi  ft  :>  J  in  place; 
however,  for  weak  absorption  signals,  the  data  acquisition  time  is  lengthened  by  jsishin;!  >.s  propellant 
upward  at  a  rate  near  the  bum  rate  of  the  propellant  TTiis  movement  of  the  propellant  is  accomplished 
by  a  unidirectional-constant-speed-stepper-motor-table  which  is  coupled  to  the  propellant  sample  by  a 
plastic  shaft  swage  fitted  to  the  pressure  vessel.  This  swage  fitting  is  tightened  enough  to  hold  pressure, 
but  allowing  linear  motion  without  excessive  force.  One  of  the  new  feattires  of  the  chamber  is  the 
minimization  of  the  absorption  path  length  inside  the  chamber  housing.  This  has  been  accomplished,  by 
mounting  quartz  windows  on  the  ends  of  extenders,  as  shown  in  Rgure  1.  The  total  path  length  is  only 
about  double  the  propellant  sample  diameter  (0.65  cm)  and  should  include  only  the  emerging  propellant 
gases  and  shroud  gas. 

The  top  view  of  the  optical  paths  for  emission,  absorption,  and  video  is  shown  in  Bgure  2.  A  video 
recoid  is  taken  for  each  propellant  bum  experiment;  bum  rates,  dark  zone  lengths,  and  the  one- 
dimcnsionality  of  the  bum  can  be  extracted  from  these  S-VHS  movies.  Much  of  the  quantitative  data  arc 
determined  from  absorption  speara  of  diatomic  combustion  intermediates.  The  excitation  light  source  for 
the  absorption  measurements  is  a  5(X)-W  xenon  arc  lamp.  We  have  recently  added  a  second  absorption 
detection  system  so  that  two  or  more  species  can  be  monitored  simultaneously.  A  broadband  beamsplitter 
divides,  about  equally,  the  apertured  light  that  ha«  passed  through  the  combustion  region  of  the  burning 
propellant.  These  signals  are  focussed  into  two  0.32-m  spectrometers  which  disperse  the  light  across  the 
active  region  of  intensified  photodiode  array  detectors.  Depending  upon  the  spectrometer  grating  and 
entrance  slit,  the  spectral  resolution  varied  from  0.03  to  0.3  nm  giving  a  wavelength  capture  range  of 
6-24  nm  for  the  intensified  photodiode  arrays.  The  spatial  resolution  in  the  vertical  (burning  direction) 
was  set  by  the  pinhole  aperture  in  close  proximity  to  the  propellant  sample;  two  sizes — 0.1  and 
0.2  mm — have  been  used.  In  the  absorption  experiments,  the  accompanying  emission  signal  is  made 
negligible  by  placing  a  sufficiently  small  aperture  between  the  propellant  sample  and  the  detectors. 
Various  filters  have  al;o  been  used  in  tiie  absorption  experiments  to  eitiier  minimize  stray  light  or  to  reject 
first-order  light  when  operating  the  spectrometer  in  second  order. 
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Figure  2.  A  Top  View  of  the  Four  Optical  Paths  (Video,  Emission,  and  Two  Absorption  Paths’)  Used  in 
Obtaining  Combustion  Diagnostic  Data  on  Solid  Propellant  Flames. 
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Propellant  samples  were  approximately  cylindrical  with  a  nomind  diameter  of  0.65  cm  and  a  length 
of  2  cm.  When  it  was  necessary  to  use  the  propellant  feed  mechanism  die  length  was  Increased  to  4  cm. 
JA-2  and  M9  propellant  samples  made  in  a  cylindrical  shape  and  the  HMX2  samples  were  originally 
rectangular  in  shape.  However,  the  rectangular  shape  produced  a  noiqtoar  bum;  hence,  they  were  shaved 
such  that  a  cylindrical  shape  was  approximated.  Unfortunately,  this  shaving  caused  the  propellant  sample 
to  bum  down  the  sides  as  well  as  from  the  top.  To  eliminate  this  behavior,  the  HMX2  samples  were 
coated  with  a  thin  layer  of  fingernail  polish.  The  burner  head  supporting  the  steady-state  QVN^O  flame 
was  small  It  was  composed  of  several  dozen  small  holes  with  an  overall  diameter  of  0.4  cm.  For 
optimization  and  calibration  purposes  the  bum.er  was  positioned  at  the  place  normally  occupied  by  the 
propellant  samp.e. 

3.  DATA  ANALYSIS 

The  purpose  of  the  diagnostic  technique  implemented  here  is  to  extract  temperature  and  concentration 
from  absorption  spectra  by  a  least-squares  fitting  procedure  using  an  equation  of  the  form 

4  =  /S(w,  wjl(w)dw  (i; 

where  4,  the  integrated  light  transmitted,  is  a  function  of  w„  the  index  wavelength  of  the  photodiode 
array.  S(w,  wj  is  an  instrument  function  appropriate  for  the  spectral  resolution  of  the  detection  system 
and  I(w)  is  the  transmitted  intensity  of  a  group  cf  lines  for  a  given  species.  A  more  complete  description 
of  the  absorption  equations  and  fitting  technique  can  be  found  elsewhere  (VanderhoiT  1991:  Vanderhoff 
and  Kollar  1990b;  Lucht,  Peterson,  and  Laurendeau  1978).  During  the  investiptions  of  absorption  m 
propellant  combustion  gases  over  the  spectral  region  of  200-400  ran,  substantial  attenuation  of  the 
transmitted  light  beam  was  observed.  This  attenuation  (absorption)  was  broadband  (i.e.,  not  a  strong 
function  of  wavelength).  For  cases  where  this  attenuation  (assumed  to  be  a  background)  is  large,  proper 
handling  of  the  background  becomes  important.  In  simple  terms,  an  absorption  experiment  is  governed 
by  an  expression  for  the  transmitted  light  intensity  (I)  which  can  be  written  as 

I  =  I„exp[-k,l]  +  B,  (2) 

where  is  the  incident  light  intensity  from  the  arc  lamp,  Ic,  is  the  absorption  coefficient  the  molecule  of 
interest,  1  is  the  path  length  for  absorption,  and  is  a  baseline  correction  factor.  This  correction  factor 
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is  commonly  used  to  adjust  the  data  for  small  drifts  in  the  experimental  system  such  as  output  changes 
in  the  arc  lamp  and/or  gain  changes  in  the  detection  system.  In  the  present  experimental  arrangement 
these  adjustments  are  not  necessary  since  the  entire  wavelength  range  of  interest  for  the  absorption  spectra 
is  gathered  simultaneously  with  the  intensified  photodiode  array.  However,  it  is  essential  to  make  a 
baseline  correction  for  the  large  broadband  attenuation  observed.  Sources  for  this  attenuation  are 
scattering  from  particulates  and/or  broadband  absorpdon  of  light  from  large  molecules.  The  attenuation 
occurs  as  the  light  transits  the  combustion  zone  and,  thus,  is  path  length-dependent  so  the  transmitted 
intensity  can  be  expressed  as 

I  =  I,exp{-k.  -  b,]l  (3) 

where  the  attenuation  correction  is  included  in  the  exponential.  Moreover,  since  the  attenuation  is  not  a 
strong  functic.i  of  wavelength.  Equation  3  is  approximated  as 

I  =  I,exp[-bJ]exp[-kJ]  -  IoB(w)exp[-k,l].  (4) 

The  baseline  correction  is  now  represented  as  a  multiplicative  factor  rather  than  an  additive  one.  It  is  this 
form  that  is  used  in  the  reduction  of  the  data  presented  in  this  report  The  observed  shape  of  the 
experimental  baseline  is  used  to  determine  the  appropriate  form  of  B(w).  For  all  the  data  analyzed  using 
Equation  4,  B(w)  is  taken  to  be  linear  (i.e.,  B(w)  =  B,w  +  Bj). 

Equation  1  is  fitted  with  a  multivariate  nonlinear  least-squares  technique  to  determine  the  optimum 
values  of  temperature  and  species  concentration  for  a  given  absorption  spectrum.  For  high-resolution 
absorption  spectra  (OH  spectra),  the  fit  with  respect  to  wavelength  appeared  shifted  in  a  nonlinear  fashion. 
Further  investigation  into  this  area  revealed  that,  when  a  spectrometer  is  used  with  an  array  detector,  the 
relationship  between  wavelength  and  photodiode  position  is  not  linear.  Hence,  the  least-squares  fitting 
also  included  an  algorithm  frr  wavelength  nonlinearity  which  is  described  elsewhere  (Vanderlwff  and 
Kotlar  1990a;  Vanderhoff,  Kotlar,  and  Teague  1990). 

The  absorption  transitions  probed  for  OH  and  NO  arc  in  the  A^S  -  X’O  electronic  system.  For  OH, 
153  rotational  transitions  over  the  wavelength  range  from  306  to  310  nm  were  included  in  the  absorption 
calculation  and  fit.  Two  main  vibrational  bands,  the  (0,1)  and  the  (0,2),  were  probed  for  absorption  for 
the  NO  case.  The  dark  zone  of  these  propellants  contained  enough  NO  to  produce  100%  absorption  in 
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the  (0,0)  band  and,  thus,  it  was  of  no  use.  Even  though  the  (13)  band  for  NO  showed  no  detectible 
absorption  (Figure  10),  it  was  included  in  the  absorption  calculatioa  Inclusion  of  these  three  vibrational 
bands  made  it  necessary  to  calculate  a  total  of  2,079  routional  transitions.  Although  i:  is  possible  to 
operate  the  detection  system  with  sufficient  resoluUon  to  rotationally  resolve  the  NO  transitions,  it  was 
felt  that  (for  the  propellant  case)  there  was  not  a  sufficient  portion  of  the  spectra  for  keeping  track  of  the 
background  contxibutioa  One  roradonally  resolved  NO  spectrum  for  the  steady-state  flame  is  shown  ir 
the  results  section  (Figure  9)  to  indicate  how  well  tlie  calculation  can  agree  with  the  data  for  the  position 
and  intensity  of  the  rotational  absorption  transitions.  The  values  for  the  molecule- sped  lie  information 
necessary  to  extract  temperature  and  concentrations  from  absorption  data  have  been  given  previously 
(Vanderhoff,  Kotiar,  and  Teague  1990,  Huber  and  Herzberg  1979). 

4.  RESULTS 

4. 1  Bum  Rates  and  Dark  Zone  Lengths.  Although  not  a  primary  goal  of  this  report,  the  bum  rate 
and  dark  zone  length  data  for  the  three  propellants  studied  are  essential  pieces  of  information  for 
performing  modelling  of  these  combustion  processes.  Bum  rates  and  dark  zone  lengths  as  a  function  of 
pressure  for  JA-2,  M9,  and  HMX2  are  shown  in  Rguies  3-8,  respectively. 

4.2  Absorption  •  JA-2  Propellart.  As  a  check  on  the  molecular  parameters  for  NO,  a  high-rcsolution 
absorption  spectrum  for  NO  was  obtained  in  an  atmospheric  CH^/NjO  flame.  This  spectrum  and 
corresponding  least-squares  fit  are  illustrated  in  Figure  9.  Using  literature  values  for  the  NO  molecular 
parameters,  experimentally  determined  values  for  the  instrument  rcspor,se  functions,  least-squares  fitted 
values  for  the  temperature,  NO  concentration,  instrumental  wavelength  nonlinearity,  and  baseline,  the  band 
origins  and  rotationally  resolved  transitioas  are  fitted  extremely  well  over  the  entire  (0,i;  vibrational  band 
envelope.  The  least-squares  fit  to  the  data  is  shown  as  a  solid  line  and  represents  a  temperature  of 
1,868  K  and  an  NO  mole  fraction  of  0.05.  An  acquisition  time  of  about  1.0  min  was  required  to  obtain 
the  data  displayed  in  Figure  9.  A  combination  of  larger  pressures  and  NO  concentrations  made  it  possible 
to  gather  NO  absorption  spectra  much  faster  (-  0.1  s)  when  probing  the  dark  zone  of  the  propellants 
studied  here.  Examples  of  the  types  of  NO  and  OH  absorption  spectra  obtained  and  used  for  extracting 
temperatures  and  absolute  NO  and  OH  concentrations  are  shown  in  Figures  10  and  11,  respectively.  The 
NO  spectrum  was  obtained  in  the  dark  zone  of  JA-2  propellant  burning  in  0.68  .MPa  nitrogen.  Both  the 
(0,1)  and  (0,2)  vibrational  transitions  of  the  A’Z  -  X^fl  system  of  NO  are  cle.irly  obsen/cd.  The  (1,3) 
vibrational  transition  also  occurs  over  this  wavelength  range,  but  tlv>  absorption  is  too  small  to  be  observed 
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in  Figure  10.  Total  absorption  of  the  light  source  occurred  for  the  (0,0)  tnnsition  and.  thus,  was  not 
usable.  The  resolution  of  the  NO  detection  system  (0.06  nm)  w^s  set  low  enough  to  include  two 
vibrational  transitions  and,  thus,  the  rotational  structure  is  not  resolved.  Nonetheless,  in  the  least-squares 
fitting  calculation,  a  total  of  2,073  rotational  transitiors  were  used  to  cala’'ate  the  vibrational  band 
envelopes.  The  least-squares  fit  to  the  data  of  Figure  10  results  in  best  values  for  temperature  and  NO 
concentration  which  are  1,350  K  and  0.25  mole  fraction.  The  absorption  spectrum  for  OH  (shown  on 
Figure  11)  was  obtained  in  the  luminous  flame  region  of  JA-2  burning  in  1.6  MPa  nitrogen.  Here  the  OH 
detection  system  was  set  to  a  spectral  resolution  of  0.03  nm — twice  that  for  NO.  This  is  sufficient  to 
resolve  the  rotational  transitions  within  the  (0,0)  A^Z  -  X^fl  system,  as  can  be  observed.  R,,  Rj,  and  Qj 
are  rotational  branch  heads,  but  many  of  the  transitions  in  the  Q,  region  are  isolated  lines.  Over  this 
wavelength  range,  128  rotational  transitions  have  been  included  in  fitting  the  OH  spectra.  The  least-squares 
fit  to  the  spectrum  of  Figure  11  results  in  a  temperature  of  2,690  K  and  OH  mole  fraction  of  0.002. 
Computer  fitting  of  the  NO  and  OH  absorption  spectra  was  accomplished  on  a  386/33  PC.  The  time  to 
complete  a  fit  depends  on  the  number  of  transitions  included  and  was,  in  general,  less  than  10  min  for  a 
typical  good  fit. 

Many  absorption  spectra  (around  30)  like  those  on  Figures  10  and  1 1  are  accumulated  during  the  time 
for  one  propellant  bura  By  measuring  the  bum  rate  of  the  propellant,  these  spectra  can  be  assigned  to 
distances  above  the  propellant  surface.  Concentrations  and  temperatures  as  a  function  of  distance  from 
the  propellant  surface  are  thus  determined  and  illustrated  in  Figures  12  and  13,  respectively.  As  can  be 
seen  from  Figure  12,  large  quantities  of  NO  are  present  close  to  the  propellant  surface  and  persist  over 
a  distance  of  about  0.8  cm  at  this  pressure.  At  about  0.8  cm  from  the  propellant  surface,  the  NO 
concentration  drops  rapidly  with  distance  and  the  luminous  flame  is  formed.  A  large  energy  release  in 
this  region  causes  an  increase  in  temperature  which  produces  amounts  of  OH  sufficient  for  obtaining  good 
quality  absorption -spectra.  These  spectra  provide  the  data  from  which  luminous  flame  temperatures  can 
be  determined.  The  luminous  flame  temperatures  shown  as  solid  points  on  Figure  13  attain  values  in 
agreement  with  the  adiabatic  flame  temperature  (2,792  K  and  shown  as  a  dashed  line  on  Figure  13) 
calculated  with  the  NASA-Lewis  (Svehia  and  McBride  1973)  code  for  constant  pressure  conditions.  The 
OH  concentration  computed  using  the  adiabanc  flame  temperature  is  0.0047.  Maximum  OH 
concentrations  determined  from  absorption  spectra  and  displayed  as  the  solid  points  on  Figure  12  are  about 
a  factor  of  2  lower  than  the  equilibrium  value.  There  are  several  reasons  why  this  difference  should  not 
be  surprising.  First,  these  measurements  are  made  at  distances  from  the  surface  larger  than  the  propeUant 
diameter  and  the  one-dimensional  geometry  (the  path  length  for  absorption)  may  not  obtain  at  these 
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distances.  Second,  the  OH  concentration  is  highly  dependent  on  tetr.ptrature.  If  the  flame  temperature 
is  lowered  by  about  3.5%  (100  K),  the  equilibrium  OH  concentration  is  lowered  by  a  factor  of  2. 

Video  records  of  the  propellant  bum  reveal  that  the  luminous  flame  front  does  not  remain  at  a  fixed 
distance  from  the  propellant  surface  and  the  range  over  which  the  flame  front  occurs  is  approximated  by 
the  hashed  regioa  The  scatter  in  the  flame  front  position  and  in  the  data  obtained  for  greater  distances 
from  the  propellant  surface  arc  probably  due  in  part  to  the  finite  geometry  of  the  propellant  sample. 
Nonetheless,  the  data  of  most  interest,  the  dark  zone  region,  is  closer  to  the  propellant  surface.  Here  the 
NO  mole  fraction  starts  at  about  0.24  and  slowly  decreases  to  a  value  of  about  0.19  at  a  distance  of 
0.8  cm  from  the  surface.  In  the  luminous  flame  front  region  the  NO  concentration  drops  substantially. 
From  Figure  7  it  is  also  observed  that  the  temperature  close  to  the  propellant  surface  is  about  1,400  K  and 
increases  slightly  to  about  1,500  K  at  0.8  cm  from  the  propellant  surface.  Within  experimental  uncertainty 
it  is  possible  to  interpret  Figures  l2  and  13  as  indicating  constant  temperature  and  NO  concentration, 
however,  the  trends  are  consistent  with  propellant  models  (Sotter  1965;  Fifer  et  al.  1990;  Bizot  and 
Beckstead  1988). 

The  pressure  dependence  of  temperamre  and  NO  concentration  in  the  dark  zone  is  shown  on 
Figures  14  and  15,  respectively.  The  data,  shown  thus  far,  plotted  as  a  function  of  distance  or  wavelength 
represents  one  experiment  or  propellant  bum,  but  the  data  plotted  as  a  funaion  of  pressure  represents  as 
many  propellant  bums  as  there  are  data  points.  It  can  be  observed  (and  is  expected)  that  these  data  have 
more  scatter.  This  scatter  is  more  representative  of  the  uncertainties  associated  with  the  temperature  and 
NO  concentration  data  reported  in  this  paper. 

Each  value  of  NO  concentration  and  temperature  plotted  in  Figures  14  and  15  represents  an  average 
of  four  speara  taken  as  a  function  of  position  early  in  the  dark  zone.  Again,  within  experimental 
uncertainty,  it  is  possible  to  interpret  Figures  14  and  15  as  indicating  that  the  dark  zone  temperature  and 
NO  concentiation  are  constant.  Nonetheless,  the  trends  which  indicate  the  dark  zone  temperature  is 
slightly  increasing  with  pressure  and  the  NO  concentration  is  slightly  decreasing  with  pressure  are 
consistent  with  previous  double-base  propellant  data  (Heller  and  Gordon  1955)  and  thennochemical 
equilibrium  calculations  (Svehla  and  McBride  1973). 

4.3  Absorption  -  M9  Propellant  Analogous  to  Figures  12  and  13,  NO  and  OH  concentrations  and 
temperatures  through  the  dark  zone  of  a  double-base  propellant  (M9)  burning  in  1.7  MPa  nitrogen  are 
plotted  in  Figures  16  and  17,  respectively.  Here  also  the  luminous  flame  front  is  unstable  and  its  spatial 
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position  varies  over  about  a  0.2  cm  extent,  similar  to  what  was  observed  for  JA-2  and  designated  with  a 
hashed  area.  The  NO  concentration  stays  about  constant  at  a  mole  fraction  of  0.3  out  to  a  distance  of 
0.3  cm  from  the  M9  propellant  surface.  At  about  0.4  cm  from  the  surface,  the  OH  absorption  becomes 
measurable  and  the  OH  concentration  plateaus  close  to  the  thennochemical  equilibrium  value  which  is 
0.018.  The  dark  zone  temperature  is  about  constant  at  1,450  K  througii  the  daric  zone  and  then  jumps  to 
temperatures  in  agreement  with  the  adiabatic  flame  temperamre  (3,020  K).  In  contrast,  the  pressure 
dependence  of  the  NO  concentration  and  daric  zone  temperature  contains  considerable  scatter  as  can  be 
observed  in  Figures  18  and  19.  The  scatter  is  too  large  to  see  any  trends  in  the  daric  zone  temperature; 
however,  the  NO  concentration  shows  an  increasing  trend  with  increasing  pressure— opposite  from  the 
JA-2  case. 

4.4  Absorption  -  HMX2  Propellant.  A  nitramine  composite  propellant  with  a  daric  zone  has  also  been 
investigated.  The  absorption  data  for  this  propellant  was  inferior  to  that  of  the  other  two  propellants 
.studied  because  of  the  much  larger  broadband  absorption  encountered.  No  OH  data  were  obtained  but 
one  experimental  run  produced  NO  absorption  data  of  sufficient  quality  for  analysis.  The  temperatures 
and  NO  concentrations  as  a  function  of  distance  from  the  propellant  surface  are  plotted  in  Figures  20  and 
21.  Video  camera  data  indicate  that  the  dark  zone  length  is  slightly  less  than  0.2  cm  (see  Figure  8); 
however,  the  measured  NO  concentration  obtained  from  the  absorption  spectra  has  dropped  considerably 
at  this  distance.  It  is  conjectured  that  this  immediate  falloff  of  NO  concentration  is  due  to  movements  of 
the  flame  front  which  introduce  path  length  regions  that  are  NO  depleted  and,  thus,  the  best  estimate  of 
the  NO  concentration  in  the  dark  zone  of  HMX2  is  close  to  the  propellant  surface.  In  contrast,  the 
temperature  remains  about  constant  (=»  1 ,300  K)  out  to  about  0. 1  cm  from  the  surface.  Comparisons  of 
HMX2,  M9,  and  JA-2  propellant  results  obtained  in  this  smdy,  with  available  known  literature  data,  are 
presented  in  the  summary  section. 

5.  SUMMARY 

A  comparison  of  dark  zone  temperatures  (T^J  and  NO  mole  fractions  (NO)  obtained  here  with 
published  data  is  shown  in  Table  2.  The  pressures  (P)  are  not  quite  the  same  in  all  cases  but  this  docs 
not  invalidate  the  comparison  as  these  two  variables  are  not  strong  functions  of  pressure  within  the  dark 
zone.  The  calculated  adiabatic  flame  temperatures  (T,J  and  the  heats  of  explosion  (HOE)  are  also  listed 
for  each  propellant.  Heats  of  explosion  are  included  since  the  dark  zone  temperatures  have  been  ordered 
according  to  this  parameter,  see,  for  example,  Beckstead  (1989). 
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Table  2.  Comparison  of  Temperatures  and  NO  Concentrations  in  the  Dark  Zone  of  Various 
Propellants 


PropeUant 

Type 

JA-2 

M9 

Double 

Base* 

Double 

Base** 

HMX2 

HMX  -  PE' 

1,450  K 

1,500  K 

1,600  K 

UOOK 

1,310  K 

1,300  K 

P 

1.6  MPa 

1.6  MPa 

1.6  MPa 

0.9  MPa 

1.9  MPa 

2.0  MPa 

NO 

0.21 

0.30 

0.25^ 

0.21 

0.13 

0.17^ 

2,791  K 

3,019  K 

3.094  K 

2,897  K 

2,045  K 

1,912  K 

HOE 

1,120 

1,308 

1,320 

1,100 

780 

718 

Cal/g^ 

CaVg' 

Cal/g* 

CaVg* 

CaVg' 

CaVg' 

'f  These  mole  fractions  were  recomputed  assuming  an  H^O  mole  fraction  of  0.2. 

*  Heller  and  Gordon  (1955). 

"  LengeUe  et  al.  (1984). 

*  Kubou(1982), 

Measured  quantity  that  is  reported  on  the  prcpellant  description  sheets. 

Given  in  the  paper. 

Calculated  from  the  empirical  relationship  to  cdiabatic  flame  temperature  (Edwards  1988). 

The  data  we  obtain  for  M9  propellant  is  directly  comparable  with  the  double-base  propellant  literature 
data  of  Heller  and  Gordon  since  the  ingredients  and  HOE's  are  almost  identical.  There  is  good  agreement 
for  the  dark  zone  temperatures;  only  a  100  K  difference  which  is  within  the  experimental  uncertainty  of 
the  experiments.  The  agreement  for  the  NO  concentration  is  excellent;  however,  the  value  recomputed 
from  the  data  of  Heller  and  Gordon  assumes  a  0.2  mole  fraction  HjO  present.  Heller  and  Gordon  suggest 
an  HjO  value  of  0.3  provides  a  best  correla'ion  for  the  elemental  balance.  The  tliermochemical  equilibrium 
value  of  0.27  mole  fraction  for  HjO  should  represent  the  upper  limit  for  H^O  in  the  dark  zone  and,  thus, 
we  have  chosen  a  value  of  0.2.  There  is  excellent  agreement  between  our  data  for  JA-2  propellant  and 
the  data  of  Lcngelle  et  al  (1984).  Here  the  HOE’s  are  about  the  same  but  the  propellant  ingredients  are 
somewhat  different  (no  DEGDN  in  the  propellant  of  LengeUe  et  al.  (1984).  HMX2  propellant  is  similar 
to  one  of  the  propeUants  Kubota  (1982)  studied.  The  difference  is  in  the  binder,  HMX2  has  a  polyester 
binder  while  the  HMX-PE  has  a  polyether  binder.  The  measured  dark  zone  temperatures  are  essentially 
the  same  and  the  NO  concentration  we  obtain  for  HMX2  is  about  25%  greater  than  the  HMX-PE  where 
again  a  mole  fraction  of  0.2  was  assumed  in  the  computing  of  the  NO  mole  fraction  for  HMX-PE. 

Previous,  intrusive  type  measurements  in  the  dark  zone  of  propeUants  have  been  verified  and  extended 
by  the  prc.sent  data  obtained  by  a  nonintrusive  technique — absorption  spectroscopy,  li  remains  to  be  seen 


how  well  these  data  can  be  modelled  and  will  be  the  subject  of  a  future  report.  Setter  (1965)  and  Fifer 
ct  al.  (1990)  have  been  successful  in  modelling  gas  phase  propellant  combustion  for  a  double-base 
propellant  using  the  data  of  Heller  and  Gordon  (1955);  consequently,  it  should  be  straightforward  to  model 
the  present  data  for  M9  and  JA-2.  Perhaps  the  HMX2  data  will  be  straightforward  to  model  as  well. 
Evidence  to  support  this  claim  comes  from  the  reasoning  that  the  NO  concentration  in  the  dark  zone  is 
substantially  less  than  for  the  double  base  propellant  and.  thus,  not  as  much  total  energy  is  obtained  in 
the  conversion  to  Nj,  thus  leading  to  a  lower  final  flame  temperature  which  is  indeed  the  case  (T^  = 
2.045  K). 
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